Introduction: Single-volume reconstruction of three-dimensional (3D) digital subtraction angiography (DSA) can be effectively used for aneurysm assessment and planning of endovascular embolization. Unfortunately, post-embolization follow-up angiographic images can be obscured by artifact. The dual-volume reconstruction technique was developed in order to reduce artifact and enhance the visualization of the aneurysm, the parent vessel and side branches, and endovascular devices. The purpose of this study was to compare the reliability of dual-vs single-volume reconstruction of 3D DSA in evaluation of follow-up images after endovascular embolization of intracranial aneurysms. Method: Four cerebrovascular neurosurgeons independently and blindly reviewed 20 randomly selected dual-and singlevolume reconstructions of 3D DSAs demonstrating cerebral aneurysms treated with primary coil embolization, stent-assisted coil embolization, or Pipeline embolization. Five images were repeated for each modality (single and dual volume) in order to assess intra-rater reliability. The intraclass correlation coefficient was calculated as a measure of the overall inter-rater agreement. Cohen's kappa value was used to assess repeat measurement consistency for each rater. Results: Overall inter-rater agreement using dual-and single-volume reconstruction was 0.81 and 0.75, respectively. Dualvolume reconstruction resulted in superior agreement in assessing location, occlusion status, position of aneurysm recanalization or residual, status of nearby branches, presence of coil migration and presence of intravascular devices (stent or Pipeline). Conclusion: Three-dimensional reconstruction is an important complementary imaging technique in evaluating the angioarchitecture of aneurysms and recanalization after endovascular embolization. Dual-volume reconstruction imaging was associated with superior inter-and intra-rater reliability.
Introduction
Three-dimensional (3D) reconstruction of digital subtracted angiography (DSA) has become an indispensable complementary technique for evaluation of aneurysms, in addition to the standard twodimensional (2D) DSA. 1 The conventional singlevolume reconstruction can be effectively used prior to endovascular embolization of aneurysms. However, the follow-up imaging can be obscured by artifact, making recanalization difficult to detect and intervention difficult to plan. 2 The dual-volume reconstruction technique, in which two acquired data volumes are reconstructed separately and then fused together, was developed to minimize artifacts and show a greater level of detail related to the aneurysm, the parent vessel, side branches, and endovascular devices. Little evidence is available regarding the reliability of dual-volume reconstruction and whether this technique is superior to single-volume reconstruction. The purpose of this Neurosurgical service, Beth Israel Deaconess Medical Center, Harvard Medical School, USA study was to compare reliability of both techniques in the evaluation of follow-up DSA images after endovascular embolization in seven categories, such as recanalization, which are essential for the evaluation of endovascularly treated aneurysms.
Methods

Rotational angiography with 3D reconstruction
Rotational angiography was performed using a motorized AXIOM Artis Õ C-arm (Siemens Healthcare, Erlangen, Germany) with 360-degree rotational run and acquisition of 256 images, and with contrast material injection rates of 3-to 4-ml per second, which results in a total of 15-20 ml of contrast in each artery. The image data were transferred to a Siemens LEONARDO Õ workstation (Siemens Healthcare, Erlangen, Germany), where reconstruction of 3D images is performed. A complete acquisition consisted of two rotational scans: The first scan collects subtraction masks, and the second acquires images during the passage of a contrast medium. Software reconstructions then enable extraction of residual bony structures, deletion of unnecessary vessels, zooming and rotation of the image, as well as enabling differentiation between contrast filling the vessels and endovascular devices to produce the dual-volume reconstruction images.
Observer reliability assessment
Four raters, all cerebrovascular neurosurgeons, independently reviewed 20 single-volume and 20 dualvolume reconstructions of 3D DSAs demonstrating cerebral aneurysms treated with primary coil embolization, stent-assisted coil embolization, or Pipeline embolization (PED, Covidien-Ev3, Plymouth, MN). The images used in the study were randomly selected from a cerebrovascular endovascular database. Seven factors were assessed by the reviewers, including location of the aneurysm, occlusion status of the aneurysm, position of the residual aneurysm in relation to the coil mass, status of the parent artery, status of the nearby branches, coil migration, and presence of intravascular assist devices. Occlusion status of the aneurysm was categorized using the Raymond-Roy Occlusion Classification 3 (Table 1 ). Five scans of each modality (single and dual volume) were randomly repeated for intra-rater reliability assessment, for a total of 50 sets of images. Reviewers were blind to previous image interpretation and to all clinical information. Scans that were repeated were randomly inserted into the dataset. The necessary sample size was calculated using a method developed by Walter et al. 4 that showed that increasing the number of raters (four in the present study) per participant will decrease the total number of observations required to achieve adequate sample size, a number determined to be sufficient for statistical analysis.
The intraclass correlation coefficient (ICC) was calculated as a measure of overall agreement on the tested variables between the four raters. Intraclass correlation greater than 0.75 is considered to have excellent agreement, with an ICC between 0.40 and 0.75 classified as fair to good, and less than 0.40 considered poor agreement. For intra-rater reliability analysis, Cohen's kappa (k) was used to assess repeat measurement agreement for each rater. Agreement measured by k is interpreted as very high with k values between 0.81 and 1.00, substantial with k values between 0.61 and 0.80, moderate with k values between 0.41 and 0.60, fair with k values between 0.21 and 0.40, and poor with k values between 0 and 0.20. 5 All statistical analysis was performed using SPSS 21.0 (IBM Corp. Armonk, NY).
This study was approved by the institutional review board.
Results
Demographic factors
Images represent a total number of 20 aneurysms (median age 65.6 years, male-to-female ratio was 1:4). The aneurysms were located in the cavernous segment of the internal carotid artery in 10% of cases, ophthalmic segment in 15%, superior hypophyseal segment in 5%, posterior communicating artery segment in 15%, anterior communicating artery in 35%, middle cerebral artery in 5%, and basilar apex in 15%. Aneurysms were treated with coil embolization in 20%, stent-assisted coil embolization in 25%, and Pipeline with coil embolization in 55% ( Table 2) .
Inter-rater reliability
ICC was used to the assess the agreement between the four raters in evaluation of the selected variables for each aneurysm. The overall ICC using dual-volume and single-volume reconstruction images were 0.81 and 0.75, respectively. Dual-volume reconstruction had better agreement in evaluating aneurysm location (0.863 vs 0.842), occlusion status (0.578 vs 0.548), position of residual (0.504 vs 0.304), status of branches (0.554 vs 0.323), presence of coil migration 0 vs -0.12), and presence of assist devices (0.193 vs 0.019).
Although the difference was most remarkable in assessing the position of the residual and the status of branches, there was still an overlap between the confidence intervals of ICCs of dual volume and single volume. Single-volume reconstruction had better agreement in evaluating the status of the parent artery (0.32 vs -0.033) ( Table 3 ).
Intra-rater reliability
Cohen's k was used to assess intra-rater reliability in assessing five randomly repeated images. Intra-rater reliability was perfect (k ¼ 1) in assessing all variables in two out of four raters and three out of four raters using single-volume and dual-volume reconstruction, respectively. Using single-volume reconstruction, intra-rater reliability was excellent (k > 0.75) in assessing aneurysm location by raters 1 and 2. However, it was poor (k ¼ 0.05) in assessing position of residual in rater 1 compared to good (k > 0.5) reliability using dual-volume reconstruction by the same rater (Table 4 ).
Discussion
In the present study, single-volume and dual-volume reconstruction of 3D DSA were compared in followup evaluation of endovascularly treated aneurysms. Dual-volume reconstruction produced a higher overall agreement rate and improved reliability between the raters. Objective evaluation of both images showed better delineation of aneurysm location and relation to surrounding vasculature, occlusion status, and presence of coil migration using dual-volume reconstruction ( Figure 1 ).
Two-dimensional vs 3D angiography
Various image-processing techniques have been used in conjunction with cerebral angiography to improve visualization of vascular structures in diagnostic studies. The 2D DSA was a technological breakthrough that dramatically improved visualization of cerebral vessels, allowing real-time subtraction of bony topography. It has since been considered the most accurate imaging technique for evaluation of cerebrovascular anomalies. Nevertheless, 2D imaging is merely a representation of 3D structures and thus can impair optimal visualization and is associated with numerous limitations, including overlapping anatomy and vessel foreshortening. 6 The development of 3D reconstruction techniques led to significant improvement in cerebral aneurysm diagnosis and treatment. Three-dimensional reconstruction enables 3D rotation of chosen structures, thereby enhancing the assessment of vessel length, vessel tortuosity, and bifurcation angles. Several studies have shown the clinical superiority of 3D imaging, when compared to 2D angiography, in delineation of vascular morphology and relationships and detection of small and ruptured aneurysms. 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 
Single-volume vs dual-volume reconstruction
Single-volume reconstruction depends on multiple image projections enabling the creation of a volumetric representation of the vessel. A complete acquisition consists of two rotational scans. The first scan collects subtraction masks (mask run), and the second one acquires images during the passage of a contrast medium (contrast run). Both scans are then fused and reconstructed as one volume. However, with the exponential increase in neurointerventional techniques, it has become crucial to evaluate not just the vessels, but also the devices in post-treatment and follow-up studies. 18 Further, an accurate position of the residual aneurysm in relation to surrounding vessels and intravascular devices is critical to planning appropriate treatment. In dual-volume reconstruction, the acquired data volumes (mask run and contrast run) are reconstructed separately and then fused together, with each volume (e.g. a separate volume for the vessels and another for the devices) being modifiable individually to give the desired contrast, windowing, and color coding. This allows for more reliable localization of the aneurysm and any recurrence or residual in follow-up studies, and may improve intervention planning.
Reliability
Reliability of image interpretation is critically important when assessing aneurysm recanalization. High variability will complicate the detection of recanalization/ residual or progressive recanalization. Dual-volume reconstruction results in improved inter-and intrarater reliability, reducing the chance of missing subtle progressive recanalization. Similarly, more reliable assessment will prevent labeling stable recanalization as progressive, which may result in potentially unnecessary procedures.
Conclusion
Three-dimensional reconstruction is an important complementary imaging technique in evaluating the angioarchitecture of aneurysms and recanalization after endovascular embolization. Dual-volume reconstruction imaging provides the advantage of distinctly visualizing the endovascular devices, resulting in superior inter-and intra-rater reliability. In our practice we currently use dual-volume reconstruction for all aneurysms that have been previously treated with endovascular techniques (coils, stents, or Pipeline).
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